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Summary
Cyclotides are a family of plant proteins that have the
unusual combination of head-to-tail backbone cycli-
zation and a cystine knot motif. They are exception-
ally stable and show resistance to most chemical,
physical, and enzymatic treatments. The structure of
tricyclon A, a previously unreported cyclotide, is de-
scribed here. In this structure, a loop that is disor-
dered in other cyclotides forms a  sheet that pro-
trudes from the globular core. This study indicates
that the cyclotide fold is amenable to the introduction
of a range of structural elements without affecting the
cystine knot core of the protein, which is essential for
the stability of the cyclotides. Tricyclon A does not
possess a hydrophobic patch, typical of other cyclo-
tides, and has minimal hemolytic activity, making it
suitable for pharmaceutical applications. The 22 kDa
precursor protein of tricyclon A was identified and
provides clues to the processing of these fascinat-
ing miniproteins.
Introduction
Circular proteins have been discovered in bacteria,
plants, and animals over recent years (Trabi and Craik,
2002). The cyclotides (Craik et al., 1999) are a group of
plant-derived proteins that combine backbone cycliza-
tion with an embedded cystine knot in their unique
three-dimensional structure. This family, comprised of
two subfamilies termed the Bracelet and the Möbius
(Craik et al., 1999), has attracted great interest because
their characteristic structural motif, dubbed the cyclic
cystine knot (CCK), imparts considerable stability to
these molecules. Cyclotides are resistant to a range of
adverse thermal, chemical, and enzymatic conditions
that would be intolerable for other proteins (Colgrave
and Craik, 2004) and possess a range of interesting bio-
activities (Craik et al., 2004), including anti-HIV activity
(Daly et al., 1999a). The range of activities and the un-
usual stability of the framework make the CCK motif
an exciting prospect as a structural framework for the
development of stable peptidic drugs (Craik et al.,
2002).
Recent studies of the cyclotides have elucidated
their unusual three-dimensional structure. Figure 1
shows a schematic representation of the general struc-
tural framework as deduced from the structures re-
ported to date (Barry et al., 2004; Craik et al., 1999; Daly*Correspondence: d.craik@imb.uq.edu.auet al., 1999a; Saether et al., 1995; Trabi and Craik,
2004). At the core of the framework is the cystine knot
(Craik et al., 2001), comprised of the ring formed by Cys
I–IV and II–V and the connecting backbone residues,
which is penetrated by the third disulfide formed be-
tween Cys III and VI. Conceptually, the cyclotides can
be thought of as a series of six loops between succes-
sive Cys residues that constitute the knotted scaffold.
Loops 1 and 4 form part of the embedded ring, while
loops 2, 3, 5, and 6 are solvent exposed and connect
the edges of the knot. Significantly, the loops displaying
the greatest conservation are those forming the cystine
knot itself —loops 1 and 4—which are highly conserved
in length as well as amino acid composition. Loops not
directly involved in the cystine knot exhibit a much
greater amount of variation. This pattern is repeated on
a structural level, with the cystine knot motif conserved
and the pendant loops exhibiting variable structural
characteristics. The combination of a conserved CCK
motif with variable loop regions suggests that the CCK
framework may function in the plant as a stable combi-
natorial scaffold for producing proteins of varying bio-
logical activity.
Backbone cyclization has recently attracted interest
as a mechanism for increasing the stability of proteins
both thermodynamically and by providing increased re-
sistance to protease activity (Camarero et al., 2001;
Deechongkit and Kelly, 2002). As one of the few eukary-
otic macrocyclic gene products, the cyclotides are the
result of a naturally evolved backbone cyclization
mechanism. Determination of the mechanism of cycli-
zation would hence be of great utility in the develop-
ment of methodologies for the stabilization of protein
drugs via backbone cyclization. Analysis of mRNA tran-
scripts in the plants Oldenlandia affinis and Viola odor-
ata showed that cyclotides are initially expressed as
linear precursors (Dutton et al., 2004; Jennings et al.,
2001). Figure 1 shows the organization of two of these
precursors. Each contains a signal sequence followed
by a precursor sequence and one, two, or three copies
of mature cyclotide sequence. In multicopy transcripts,
the C-terminal end of the precursor sequence is re-
peated N-terminally to each mature sequence. To dif-
ferentiate the two regions, the repeated sequence has
been termed the N-terminal repeat (NTR) and the non-
repeated segment of the precursor the proregion. A
short hydrophobic tail is found at the end of each pre-
cursor. The processing of this linear product into a cy-
clic protein requires two cleavage reactions and a cycli-
zation reaction. While the latter is poorly understood,
the cleavage reactions occur N-terminally after a Lys/
Gly/Asn residue and C-terminally after an Asn/Asp resi-
due in loop 6 (Dutton et al., 2004; Jennings et al., 2001).
The mechanism by which the cyclotide is consequently
cyclized is unknown, although the conservation of an
Asn/Asp residue in loop 6 in all but one known cyclotide
suggests that this residue may play an important role
in the mechanism.
Although inspection of mature cyclotide sequences
provides clues about the cyclization mechanism, it is
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sFigure 1. Generalized Structure of a Cyclotide and Linear Precur-
msors Identified from O. affinis
q(A) The general structure and loop nomenclature of the cyclotides.
sThe cyclotide framework consists of an embedded cystine knot
made up of loops 1 and 4 and three disulfide bridges between Cys w
I-IV, II-V, and III-VI. The remainder of the protein consists of loops q
2, 3, 5, and 6, which connect successive Cys residues. Cys resi- t
dues are numbered in roman numerals according to the order in
dwhich they appear in the linear precursor.
g(B) Two of the four kalata precursors that have been identified in
aO. affinis (Jennings et al., 2001). The precursors consist of a signal
sequence (diagonal hash), a short proregion (gray), and between f
one and three mature protein sequences, each preceded by an f
NTR sequence (black). Each precursor has a short hydrophobic tail o
(horizontal hash). Examples are shown of precursors containing
qone (B1) or two (B3 and B6) mature protein sequences. Oak4 (Jen-
qnings et al., 2001) contains three copies of the cyclotide kalata B2.tlikely that elements C-terminal to the mature sequence
talso play an important role. Accordingly, as part of our
tdiscovery program, we have been searching for “un-
iusual” cyclotides to be characterized at both a struc-
otural and a genetic level. In this paper, we report the
discovery and characterization of a novel, to our knowl-
1edge, cyclotide precursor as well as the three-dimen-
Tsional structure of the mature protein. This cyclotide,
wnamed tricyclon A, is 33 amino acids in length and is
lof great interest because, not only does it comprise ele-
tments of both cyclotide subfamilies, but it possesses
pthe largest and most sequentially diverse loop 6 yet dis-
tcovered in the cyclotides. Because loop 6 is formed
twhen linear precursors are transformed into cyclic pro-
tteins, tricyclon A not only affords an opportunity to
rstudy the structural ramifications of increased loop size
son cyclotide structure, but it may also yield important
dclues as to the cyclizing mechanism of these fascinat-
bing molecules.
a
sResults
i
NIsolation and Sequence Determination
sAs part of a screening program to identify cyclotides,
flowers from Viola tricolor were analyzed by using a combination of RP-HPLC and mass spectrometry. Cy-
lotides typically elute late in RP-HPLC, and prelimi-
ary experiments revealed several late-eluting peaks,
ne of which contained a constituent with an average
ass of 3480 Da. Large-scale extraction of 40 g fresh
. tricolor flowers produced approximately 600 mg of
ry plant extract. RP-HPLC of this dried extract yielded
pproximately 3 mg of the purified protein.
For sequencing approximately 1 mg of protein was
educed with DDT and then alkylated with iodoacetam-
de, yielding a molecule 348 Da heavier than the native
rotein, indicating the addition of six alkyl groups to six
ys residues. The sample was split in two, and each
ample was digested with either trypsin or Endo Glu-C.
nalytical RP-HPLC of the Endo Glu-C digest revealed
peak containing a constituent with a mass of 3846
a. This mass was equivalent to the mass of tricyclon
(3480 Da), with six alkyl groups (348 Da) and a single
ater molecule. This fragment was N-terminally se-
uenced. The tryptic digest produced a complex mix-
ure of products, and these were sequenced by using
andem mass spectrometry. One fragment produced a
equence that overlapped considerably with the Ed-
an sequencing, and the combination of these two se-
uences gave a mass equivalent to 3480 Da if a cyclic
tructure was assumed and 18 Da, the mass of a single
ater molecule, was removed from the linear se-
uence. Because Leu and Ile possess the same mass,
he identity of residue 31 could not be unambiguously
efined by using MS-MS, and it was only when the
ene sequence was obtained that the residue was un-
mbiguously determined to be Ile. The use of two dif-
erent proteases to produce sequence data also con-
irmed the cyclic nature of tricyclon A, as a combination
f the two sequences gave an uninterrupted run of se-
uence without an N or C termini. The complete se-
uence is given in Figure 2.
Concurrent screening in the plant V. arvensis led to
he discovery of a protein with the same mass and re-
ention time on RP-HPLC as tricyclon A. This is consis-
ent with the distribution pattern of other cyclotides,
ncluding kalata B1, which are often found in a variety
f plants.
H-NMR Resonance Assignments
he resonances in the two-dimensional TOCSY spectrum
ere well dispersed in the amide region, with only over-
ap between Cys17 and Gly18 complicating identifica-
ion of the individual amino spin systems. Analysis of
rimary NMR data suggests that the major feature of
ricyclon A is a triple-stranded, anti-parallel β sheet be-
ween residues 16 and 32 that contains two turns cen-
ered on residues 18–21 and 26–29. Figure 3 summa-
izes this secondary structure. The central strand of the
heet is formed by residues 22–27, and 4 of these resi-
ues have slowly exchanging amide protons, as would
e expected in a β sheet. All other amide protons that
re predicted to make hydrogen bonds across the β
heet are slow exchanging and, apart from two cases
n which overlap prevented unambiguous assignment,
OE connectivities are consistent with the secondary
tructure. The amide proton for Cys15 is also slow ex-
hanging but is not predicted to participate in the hy-
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693Figure 2. Sequence of Tricyclon
(A) Sequence of tricyclon A showing results
from Edman and MS-MS sequencing and the
mass calculations used to confirm the se-
quence. The overlapping of the respective
sequences highlights the cyclic nature of
the protein.
(B) Sequence alignment of five representa-
tive cyclotides showing the conserved Cys
framework and the extended sequence of
loop 6 in tricyclon A. The absolutely con-
served Cys residues that form the cystine
knot are boxed, and the disulfide bonds are
represented by lines joining the respective
Cys residues. It can be seen that in loop 6
tricyclon A contains the highly conserved
Asn residue but lacks the equally well con-
served Pro residue. In addition, the size of
loop 6 in tricyclon A is two residues greater
than that of palicourein, the largest cyclotide
yet characterized.rmsd over the whole molecule was 0.65 Å for the back-Cys5 was determined to possess a χ dihedral angle of
Figure 3. Secondary Structure of Tricyclon A
A schematic representation of the β sheet re-
gion of tricyclon A. Interstrand NOEs are
shown as arrows, slowly exchanging amide
protons (after dissolution in 2H2O) are indi-
cated with a asterisks, potential hydrogen
bonds are depicted with broken dashes, and
ambiguous NOEs that could not be resolved
due to overlap are represented by dashed
arrows. Sequential NOEs are not shown for
clarity.drogen bonding of the β sheet and is likely involved in
hydrogen bonding elsewhere in the structure. Although
a small amount of CD3CN was added to the sample to
increase its solubility, it is unlikely that the cosolvent
assists in stabilizing the secondary structure reported
here.
A recent report confirmed the disulfide connectivity
of the cyclotides kalata B1 and cycloviolacin O1 by
analysis of the χ1 angles of the six Cys residues (Rosen-
gren et al., 2003). Similarly, the disulfide connectivity of
tricyclon A was confirmed by using χ1 dihedral angles.
The χ1 angles for each of the Cys residues were deter-
mined by using a combination of 3JHαHβ coupling con-
stants and interproton HN-Hβ distances. For cysteines
1, 10, 15, and 23, an angle of −60° was derived, while
1+60° and Cys17 a χ1 angle of +180°. These angles are
consistent with the χ1 dihedral angles reported for ka-
lata B1 and cycloviolacin O1 (Rosengren et al., 2003)
and would indicate that tricyclon A possesses the same
knotted disulfide connectivity.
Three-Dimensional Structure
A set of 50 structures was calculated by simulated an-
nealing with 194 interresidue NOE distance restraints,
including 75 long-range (between residues separated
by more than 3 amino acids) NOEs, and 29 dihedral
angle restraints. Figure 4 shows a backbone superim-
position of the 20 lowest-energy structures after refine-
ment in a water box that illustrates that most regions
of the structure are well defined. The mean pairwise
Structure
694Figure 4. Structure of Tricyclon A
(A) Stereoview of the 20 lowest-energy structures generated after minimization in a water shell. Every tenth residue is numbered.
(B) Ribbon diagram showing the structure of tricyclon A, which includes the cystine knot (Cys residues are numbered with roman numerals)
and the triple-stranded β sheet.
(C) Ribbon diagram highlighting the side chains of Trp20, Glu19, Phe6, and Leu7. In other cyclotides, hydrophobic interactions between
corresponding residues are thought to stabilize the β sheet, but in tricyclon A, no interactions are apparent. The stereo and ribbon views were
produced by using the program MOLMOL (Koradi et al., 1996), and ribbon diagrams were further processed by using the program POVRAY.bone atoms and 1.60 Å for all heavy atoms. A summary i
iof the structural statistics is given in Table 1. The struc-
tures show no major divergence from ideal covalent ge-
sometry and fit the experimental restraints with minimal
violations. No NOE violations greater than 0.22 Å or di- d
dhedral angle restraint violations greater than 2.20° were
present in the set of lowest-energy structures. s
sAnalysis of the structures with the programs PRO-
MOTIF (Hutchinson and Thornton, 1996), MOLMOL f
n(Koradi et al., 1996), and InsightII shows that the main
element of secondary structure is a three-stranded, i
danti-parallel β sheet. This β sheet consists of two hair-
pins within residues 15–27 and 22–32. An inverse γ turn t
ais located in loop 2, directly beneath loop 5. The exis-
tence of a formally recognized β sheet is unusual b
(among the cyclotides, as the third strand that includes
residues from loop 1 is normally distorted. In this case, 1
othe β sheet is formed entirely from residues in loops 3,
4, and 6, giving loop 6 a more structured nature than i
sin previously characterized cyclotides. Given that the
spectra for tricyclon A are no better resolved than other t
pcyclotide structures, the absence of a β sheet in loop 6
of other cyclotides is not due to the collection of better a
fdistance restraints in tricyclon A. A type II β turn is also
found in loop 3 of the protein, which connects Cys10 s
vto Cys15. The amide proton of Cys15 exchanges
slowly, and examination of the structures suggests that ft interacts with the carboxyl oxygen of Thr12, stabiliz-
ng this β turn.
Although not confirmed experimentally, it has been
uggested that interactions observed between the hy-
rophobic residues of loop 2 and loop 5 stabilize the
istorted β sheet in kalata B1 and cycloviolacin O1 (Ro-
engren et al., 2003). Figure 4 shows that the corre-
ponding residues in tricyclon A are orientated away
rom each other, suggesting that these interactions are
ot present. The Glu residue in loop 1 of the cyclotides
s, apart from the six Cys residues, one of the few resi-
ues absolutely conserved throughout all known cyclo-
ides. In kalata B1 and cycloviolacin O1, the oxygen
toms of the Glu3 carboxyl group forms hydrogen
onds with the backbone amides of residues in loop 3
residues 11, 12, and 13 in cycloviolacin and residues
1 and 12 in kalata B1) as well as the hydroxyl proton
f a Thr residue (residue 13 in kalata B1 and residue 13
n cycloviolacin O1) (Rosengren et al., 2003). It can be
een in Figure 5 that Glu3 of tricyclon A is oriented such
hat similar interactions may occur. This is further sup-
orted by shifts of the amide protons of residues 11
nd 12 during pH titrations of tricyclon A; however, con-
irmation of the interaction was hampered by severe
pectral broadening at intermediate pH values that pre-
ented calculation of a pKa value. Overall, the structure
or tricyclon A shows a fold similar to that adopted by
Structure and Processing of Tricyclon A
695Table 1. Geometric and Energetic Statistics for Tricyclon A
Energies (kcal mol−1)
Overall −1067.22 ± 16.47
Bonds 7.30 ± 0.79
Angles 41.38 ± 4.53
Improper 7.95 ± 0.96
Van der Waals −80.55 ± 7.42
NOE 20.18 ± 3.94
cDih 0.41 ± 0.26
Dihedral 156.63 ± 7.02
Electrostatic −1220.51 ± 21.21
Rmsd (Å)
Bond 0.004 ± 0.0002
Angle 0.58 ± 0.03
Improper 0.45 ± 0.03
NOE 0.045 ± 0.005
cDih 0.46 ± 0.16
Pairwise rmsd (Å)
Backbone 0.65 ± 0.19
Heavy 1.60 ± 0.22
Experimental Data
Distance restraints 194
Dihedral restraints 30
NOE violations exceeding 0.20 Å 2 (largest 0.220)
CDih violations exceeding 2.0° 5 (largest 2.20)
Ramachandran
Most favored 81.0%
Additionally allowed 19.0%
Disallowed 0.0%
The values are given as mean ± standard deviation for the
ensemble of the 20 final solution structures. Experimental distance
restraints include only interresidual NOEs.point of the cyclotides is in loop 6 (Jennings et al., phylogenetically diverse Rubiaceae and Violaceae plant
Figure 5. Hydrogen Bond Network Formed by Conserved Glu3
(A and B) Orientation of conserved Glu residue and the network of hydrogen bonds formed in (A) tricyclon A and (B) kalata B1. Atoms involved
in hydrogen bonding have been indicated with a shaded circle, and for the stick representations, oxygen atoms are colored red, hydrogen
atoms gray, nitrogen atoms blue, and carbon atoms green. The conservation of Glu3 across the cyclotides would appear to indicate that
these hydrogen bond interactions are crucial for the CCK fold. Ribbon diagrams were produced by using the program PyMOL (DeLano, 2002).other characterized cyclotides, but the presence of a
formally recognized β sheet incorporating loop 6 makes
it of particular interest.
RT-PCR and RACE
On the basis of the suggestion that the processing2001), a primer was designed for loop 2 of the mature
protein sequence for use with oligo-dT in RT-PCR. An
approximately 350 bp fragment was produced in this
reaction and was found to contain the complete coding
sequence for a cyclotide similar to tricyclon A, denoted
tricyclon B, as well as the partial sequence of tricyclon
A. A reverse primer was designed from this sequence
for use in 5#-RACE. After the PCR reaction, a fragment
of approximately 500 bp was obtained. This band con-
tained the remainder of the sequence for tricyclon A as
well as a signal sequence and precursor region.
Figure 6 sets out the sequence of the tricyclon A pre-
cursor and its structure. The organization of the gene
is similar to that of other cyclotide cDNAs (Jennings
et al., 2001) in that it contains a typical endoplasmic
reticulum (ER) signal sequence of 22 amino acids and
a precursor region of 49–50 amino acids that is re-
peated at the N-terminal region of each mature protein
sequence. In the Oak clones from O. affinis, multicopy
sequences are separated by an NTR domain, but a
short proregion follows the ER signal before the initial
NTR. In the case of tricyclon A, the entire precursor
region constitutes the NTR and is repeated between
the two mature protein sequences. A 15 amino acid re-
gion follows the tricyclon A mature protein sequence,
and a four amino acid tail follows the tricyclon B se-
quence. The entire predicted precursor protein is 204
amino acids and has a predicted mass of approxi-
mately 22 kDa. This is substantially larger than any
clones previously reported for cyclotides.
The three-dimensional structures of the NTR from
O. affinis and V. tricolor have recently been determined
(Dutton et al., 2004) and in both cases adopt an amphi-
patic helix. To determine whether the NTR region dis-
covered here also adopts a helical conformation, the
sequence was analyzed by using secondary structure
prediction software. Figure 6 shows that the NTR has
two regions of predicted helix, and given the conserva-
tion of a helical structure across two species from the
Structure
696Figure 6. Organization and Sequence of Tri-
cyclon A Precursor
(A) Sequence of the tricyclon A precursor.
The sequence has a short ER signal se-
quence (shaded gray), a short proregion
(white), and the mature sequence of tricyclon
A (highlighted in black). Following this is a
short tail region (also shaded gray) preced-
ing a relatively long NTR region and the ma-
ture sequence of a cyclotide similar to tri-
cyclon A, named tricyclon B (highlighted in
black). A four residue tail follows the mature
tricyclon B sequence.
(B) A schematic of the structure of the
multitranscript gene showing the domains
shaded in the same way as in (A).
(C) Helical regions in the NTR as predicted
by the program PHDsec (Rost and Sander,
1993). “H” denotes helix, “E” denotes an ex-
tended structure, and an asterisk denotes a
strong prediction.families, it is very likely that the NTR discovered here m
salso adopts a helical structure.
o
aHemolytic Assays
A number of cyclotides have been found to possess m
fhemolytic activity (Barry et al., 2003; Daly et al., 1999a;
Gustafson et al., 1994; Schopke et al., 1993; Tam et al., f
o1999; Witherup et al., 1994), and this activity is a poten-
tial obstacle when considering the cyclotides as drug
leads. Hence, the hemolytic activity of tricyclon A was C
Ttested to determine whether it shared this characteris-
tic with other cyclotides. In hemolytic assays con- m
1ducted with 500 M tricyclon A, only 2% lysis of RBCs
was observed after 1 hr of incubation at 37°C. This can (
(be contrasted with kalata B1, which produced 50% he-
molysis at approximately 100 M under the same con- e
fditions. Various values have been reported for the HD50
(dose that gives 50% hemolysis) of kalata B1 (Barry et a
aal., 2003; Daly et al., 1999b; Tam et al., 1999) under dif-
ferent experimental conditions. For example, the re- b
mported value of 300 M was based on assays carried
out at room temperature (Barry et al., 2003). With our s
scurrent assay conditions at 37°C, which are more phys-
iologically relevant, the HD50 for kalata B1 is 100 M. A
oUnder these conditions, tricyclon A has minimal hemo-
lytic activity. t
T
pDiscussion
c
rThe structure determined here for the macrocyclic pro-
tein tricyclon A is well defined and confirms that it be- t
rlongs to the cyclotide class of proteins. Unlike other
cyclotides that have been structurally characterized, f
wtricyclon A contains a formally recognized triple-
stranded β sheet that introduces a high degree of or- s
dered structure to loop 6 of the CCK motif. The
changes in loop 6 occur in a region implicated in the s
tprocessing and cyclization of cyclotides from their pre-
cursor proteins, and hence the structure determined i
vhere provides additional insight into the cyclizationechanism. Furthermore, given recent interest in using
mall, stable proteins for scaffolds in the engineering
f bioactive compounds (Craik et al., 2002; Martin et
l., 2003), the existence of a well-defined structural ele-
ent in a solvent-exposed loop indicates that the CCK
ramework is amenable to structural variation and of-
ers an opportunity for the engineering of a wide range
f structural functionalities into this highly stable motif.
omparison to Other Cyclotide Structures
o date, five cyclotide structures have been deter-
ined: kalata B1 (Rosengren et al., 2003; Saether et al.,
995), circulin A (Daly et al., 1999a), cycloviolacin O1
Craik et al., 1999; Rosengren et al., 2003), palicourein
Barry et al., 2004), and Vhr1 (Trabi and Craik, 2004). All
xhibit a similar structure in which the backbone is
olded back upon itself about the cystine knot core. In
ll cases, β strands forming a β hairpin are present, with
third strand inferred by NOE, coupling, and hydrogen
onding patterns. However, the third strand is not for-
ally recognized by structure interrogation programs
uch as PROMOTIF, MOLMOL, or InsightII. Superimpo-
ition of the tricyclon A structure with kalata B1, circulin
, cycloviolacin O1, and palicourein shows an rmsd
ver the Cα of the Cys residues that comprise the cys-
ine knot of 0.41, 0.55, 0.37, and 0.44 Å, respectively.
his clearly indicates that the core of tricyclon A corres-
onds closely to that of the previously characterized
yclotides. The side chain χ1 angles of the Cys residues
eported here also confirm the structural similarity of
he cystine knot core, as they are similar to those de-
ived for kalata B1. The angles also confirm the disul-
ide connectivity of tricyclon A, as they are consistent
ith the knotted topology as previously reported (Ro-
engren et al., 2003).
Apart from the cystine knot core, tricyclon A pos-
esses further similarities with other cyclotide struc-
ures. In particular, Gly14 has a positive f angle, which
s consistent with the structures of kalata B1 and cyclo-
iolacin O1. A Gly is highly conserved in the last posi-
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697tion of loop 3 within the cyclotides, and the positive f
angle is thought to be necessary for linking loop 3 to
the cystine knot. As shown in Figure 5, the structure
reported here places the oxygen atoms of the Glu3 side
chain in close proximity to residues in loop 3—namely
Tyr11 and Thr12—suggesting that hydrogen bond in-
teractions similar to those reported for kalata B1 and
cycloviolacin O1 (Rosengren et al., 2003) are also pre-
sent in tricyclon A. This is further supported by the
shifts in the amide protons of these residues during pH
titrations. Apart from the six Cys residues, Glu3 is the
only residue completely conserved within the cyclotide
family; hence, these interactions may be crucial for the
CCK fold.
Despite these similarities, the structure of tricyclon A
contains key differences, and these differences il-
lustrate the potential for structural variation inherent
within the CCK motif. The most striking difference be-
tween tricyclon A and other cyclotide structures is the
triple-stranded β sheet made up of residues from loops
4 and 6. This is a classical β sheet that is formally rec-
ognized by PROMOTIF, MOLMOL, and InsightII. The
sheet incorporates all the residues from loop 6, which
distinguishes tricyclon A from the other cyclotides in
which loop 6 adopts an extended fold. Figure 7 shows
a comparison of the surfaces of kalata B1 and tricyclon
A, and it can be seen that the β hairpin of loop 6 pro-
trudes from the globular core of tricyclon A. This con-
trasts with other cyclotides that possess a more globu-
lar structure. It is interesting to note that β hairpins have
been identified as common motifs in small anti-micro-
bial proteins (Bulet et al., 2004) and are often important
for protein-protein interactions (Dou et al., 2004) and
active site presentation. At least one example of an in-
secticidal protein that relies on an exposed hairpin is
the spider toxin ω-atracotoxin-Hv1a (Tedford et al.,Figure 7. Surface Comparison of Kalata B1
and Tricyclon A
(A) Surface rendering of the prototypic
cyclotide kalata B1 with hydrophobic resi-
dues colored green, positively charged resi-
dues colored blue, and negatively charged
residues colored red. For orientation, loops
2, 5, and 6 are labeled on the left-hand
figure.
(B) Surface rendering of tricyclon A colored
and labeled similarly to kalata B1. The pro-
truding β hairpin formed by loop 6 of tri-
cyclon A is circled in the left-hand figure. In
both panels, the right-hand view is rotated
180° about the y axis. Surface renderings
were produced with the program PyMOL
(DeLano, 2002).2001). In this protein, the putative active site is situated
on a β hairpin that protrudes from the globular, disul-
fide-rich core in a similar fashion to tricyclon A. It has
been suggested that the cyclotides have a role in plant
defense (Craik, 2001), and by analogy to ω-atracotoxin-
Hv1a, it is possible that the protruding hairpin in this
structure may have an important role in the natural
function of tricyclon A.
The structure and activity results presented here for
tricyclon A suggest that the cyclotides can be engi-
neered to reduce hemolytic activity while retaining the
structural integrity of the CCK motif. Although it has
been suggested that hydrophobic interactions stabilize
the distorted β sheet in other cyclotides (Rosengren et
al., 2003), tricyclon A does not possess a hydrophobic
patch, with the surface consisting of hydrophobic resi-
dues interspersed with charged or polar residues (Fig-
ure 7), and, as discussed elsewhere, hydrophobic in-
teractions between loops 2 and 5 appear to be absent
in tricyclon A. The lack of a hydrophobic patch may
explain the low hemolytic activity of tricyclon A, which
distinguishes it from the other characterized cyclotides,
and the absence of interactions between loops 2 and 5
suggest that surface hydrophobicity is not needed to
stabilize the CCK motif. In this respect, tricyclon A pro-
vides an example of the way that the CCK motif can be
adapted to include, or remove, structural motifs that
may provide specific bioactivities.
The cyclotides have been divided into two subfami-
lies, the Bracelet and Möbius, on the basis of a cis-Pro
peptide bond in loop 5 of Möbius family members
(Craik et al., 1999). Loop 2 of tricyclon A bears a closer
resemblance to the Möbius subfamily, while loop 5 is
similar to the corresponding loop in the Bracelet sub-
family. Not only does this make tricyclon A a rare hybrid
of the Bracelet and Möbius subfamilies, but in each
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amoval of a Pro that is conserved in the respective sub-
afamily. In addition, the almost universally conserved Pro
sin loop 6, which forms a part of the hydrophobic patch
(in each subfamily, is not present in tricyclon A. Given
sthe interest in the evolution of the cyclotides and the
brarity of hybrids, an example exhibiting sequence sim-
cilarities to both subfamilies is of great interest.
p
cCyclotides and Cyclization
s
One of the challenges in the field of cyclic proteins is s
that cyclization leaves no “footprint” and determining c
the end points of a linear precursor is not possible if S
only the mature cyclic sequence is known. The cycliz- i
ing points of the prototypic cyclotide kalata B1 were a
only determined after the isolation of mRNA coding for a
the linear precursor (Jennings et al., 2001). In this s
case, the C-terminal processing point was shown to be c
after the conserved Asn residue in loop 6, with four a
N-terminal residues immediately preceding CysI incor- N
porated into the mature protein. A subsequent study a
showed the same processing points for cyclotides from
V. odorata (Dutton et al., 2004). Figure 8 shows an align- a
ment of the repeated domains, containing the NTR and s
the mature cyclotide, that have been identified in other n
cyclotide precursors with the repeated domains re- t
ported here. The sequences of tricyclon A and B con- m
firm the conservation of the C-terminal processing s
point as an Asn/Asp residue, but the Leu(Ile)/Pro motif q
at the N-terminal part of the mature protein is not con- r
served. This suggests that this motif, conserved in all s
other cyclotide precursors (Dutton et al., 2004; Jen- N
nings et al., 2001), is not important for cyclotide pro- r
cessing and may serve some other functional or struc- h
tural role in the cyclotides that possess it. f
Interestingly, there is a complete conservation of a
Leu one residue away from the cleavage points at both p
ends of the mature sequence. Leu and Ile residues have m
been shown to be involved in vacuolar targeting in p
other proteins (Brown et al., 2003; Frigerio et al., 2001) q
and, for example, are essential in the N-terminal pro- p
peptide containing the sequence NPIRL, or variations, t
for sorting of proteins to lytic vesicles in tobacco (Mat- i
suoka and Nakamura, 1999). Interestingly, the hy- t
drophobic tail found in the cyclotide precursors could o
be considered to be a member of the C-terminal vacuo- dFigure 8. Comparison of the NTR from O. af-
finis, V. odorata, and V. tricolor
Alignment of a selection of the repeated do-
mains, containing the NTR and mature
cyclotide sequence, identified in cyclotide
precursors. The C-terminal processing point
has been marked with an arrow, and the ab-
solutely conserved Leu residues situated
one residue away from both the N- and
C-terminal processing points have been
boxed. The absolutely conserved Glu resi-
due three or four residues away from the N terminus of the NTR has been marked with an asterisk, as has the partially conserved Phe
residue. The NTR sequences that have been structurally characterized as helical in Oak2 and Vok1 have been underlined, and, similarly, the
corresponding regions of predicted helices in the tricyclon repeated domains have also been underlined. Cys residues in the mature cyclotide
sequence have been highlighted in larger font, and the mature cyclotide sequence has been italicized. Inclusion of multiple repeated domains
from the same precursor has been indicated by numbering after the precursor name. The schematic below the alignment shows the nomen-
clature of the different regions contained within the repeated domain.lar signal sequences (ctVSS) found in barley lectinsDombrowski et al., 1993), bean phaseolin (Frigerio et
l., 1998), brazil nut 2S albumin (Saalbach et al., 1996),
nd tobacco chitinase A (Neuhaus et al., 1994) that re-
ide on proteins destined for protein storage vesicles
PSV). The ctVSS signals have no standard length or
equence conservation but possess only a hydropho-
ic character as a distinguishing feature. The strong
onservation of Asn/Asp at the C-terminal processing
oint may also indicate the importance of an Asn-spe-
ific proteinase that processes several protein precur-
ors, including the lectins, proteolytic enzymes, and the
torage proteins 2S albumins and 11S globulin; in many
ases this processing also occurs in a PSV (Muntz and
hutov, 2002). Whether an Asn-specific proteinase is
nvolved in mechanisms by which the N-terminal cleav-
ge of the precursor and cyclization of mature cyclotide
re achieved remains a mystery. An alternative con-
ideration could be that the Leu residues act as re-
ognition sites for proteolysis of the precursor into sep-
rate units with extraneous amino acids (one residue
-terminally and two C-terminally) removed during an
s yet unidentified cyclization reaction.
It can also be seen in Figure 8 that the NTR domains
re highly homologous within species, but between
pecies the sequences vary greatly. Although almost
othing is known about the folding and processing of
hese precursors, it is interesting that a conserved ele-
ent of the precursor should appear to tolerate such
equence variation. Nonetheless, despite the low se-
uence identity, a Glu residue is conserved three or four
esidues from the N terminus of the NTR in all precur-
ors characterized, and closer to the C terminus of the
TR a Phe is conserved in all of the Oak clones. These
esidues are also present in the sequences reported
ere, and they may have some functional importance
or the processing of the precursor.
The organization of the tricyclon A precursor re-
orted here shows some variation from the typical
ulticopy cyclotide precursor. Unlike other cyclotide
recursors, the entire region between the signal se-
uence and the mature tricyclon A sequence is re-
eated prior to the sequence for tricyclon B. Effectively,
he tricyclon A NTR is greatly expanded in size by the
ncorporation of the proregion that is present between
he signal sequence and the initial repeated domain in
ther cyclotide precursors. The structures of the NTRs,
etermined as discrete peptide fragments rather thanas part of a cyclotide precursor, from O. affinis and
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speculated that they may be involved in stabilizing the
surface-exposed hydrophobic patch during processing
(Dutton et al., 2004). Structure prediction indicates that
the tricyclon A NTR may adopt two helical sections
(Figure 6). The short proregions of the Oak, Voc, and
Vok clones are also predicted to adopt a helical struc-
ture; hence, the predicted helices in the tricyclon A NTR
may correspond to the typical cyclotide NTR and the
proregion that is not repeated in other cyclotides but
forms part of the NTR in tricyclon A. The expansion of
the NTR in the tricyclon clone may indicate that the
precursor structure is amenable to variation without af-
fecting the processing mechanism. One way in which
this could be achieved is by digestion of the precursor
into discrete units prior to cyclization. The greater size,
and presumed structural perturbation, caused by the
NTR may also reflect the fact that the lower surface
hydrophobicity of tricyclon A negates the need for sta-
bilization by an amphipatic helix.
Conclusions
Gene-expressed cyclic proteins were unknown until re-
cently, and apart from an interesting biological curio,
they offer exciting potential for the development of bio-
logically active and stable protein drugs. However, little
is known about the biosynthesis and evolution of macro-
cyclic proteins in general and cyclotides in particular.
Resolution of these questions offers the opportunity to
develop technologies that could be applied to other
proteins with biologically important activities. The
structure determined here for tricyclon A shows that
cyclotides may be engineered to reduce hemolytic ac-
tivity and may be able to incorporate novel structural
motifs.
Experimental Procedures
High-Pressure Liquid Chromatography
Preparative reverse phase-high-pressure liquid chromatography
(RP-HPLC) was performed on a Waters 600-MS System Controller
system equipped with a Waters 484 Tunable Absorbance Detector.
Samples were manually loaded onto a Vydac C18 column (22 × 250
mm, 300 Å pore size, 10 m particle size) and eluted at a flow rate
of 8 ml/min with a linear gradient of 0%–80% buffer B (90% HPLC
grade acetonitrile in H2O/0.09% trifluoroacetic acid) for 80 min with
UV detection at 230 nm. Semipreparative RP-HPLC was performed
by using the same conditions and equipment with a Vydac C18
column (10 × 250 mm, 300 Å pore size, 10 m particle size) and a
flow rate of 3 ml/min. Analytical RP-HPLC was performed on a
Waters 600 Controller system equipped with a Waters 486 Tunable
Absorbance Detector. Samples were auto-injected by using a
Waters 717plus onto a Vydac C18 analytical column (4.6 × 250 mm,
300 Å pore size, 5 m particle size). Samples were eluted at a flow
rate of 1 ml/min with a linear gradient of 0%–80% buffer B for 40
min with UV detection at 215 nm.
Mass Spectrometry
All mass data were obtained by using electrospray/time-of-flight
mass spectrometry on a Mariner instrument (PerSeptive Biosys-
tems). A 25 l sample was injected into an Applied Biosystems
140B Solvent Delivery System and passed through the mass spec-
trometer at a flow rate of 80 l/min with a constant organic solvent
ratio of 80% buffer B. Protein mass peaks were recorded in the
linear mode between 1,000 and 25,000 m/z+ with a step size of 0.1
or 0.2 Da and a delay time of 0.3 s. The nozzle potential was set
between 60 and 100 V, and data were acquired as [M+2H]2 and
processed by using Biospec Data Explorer 3.0.0.0 (PerSeptive Bio-
systems) software.Extraction and Isolation of Tricyclon A
Flowers from V. tricolor, locally grown in Brisbane, were pulped in
methanol by using a kitchen blender. Plant debris was removed by
filtering through a wire strainer. Samples were extracted at room
temperature in an equal volume of dichloromethane for 4 hr. Re-
maining plant debris was removed by filtering through a cotton
plug filter, and the filtrate was repeatedly (4–5 times) partitioned
in chloroform and water. The water phase was collected, and the
remaining methanol was evaporated in vacuo. The resulting solu-
tion was lyophilized to obtain the dry plant extract.
Approximately 20–300 mg dry plant extract was dissolved in 10
ml 50% buffer B and loaded onto the preparative HPLC system.
Peaks containing tricyclon A were collected in glass test tubes,
and the presence of proteins was confirmed with mass spectrome-
try. These samples were lyophilized and further purified by using
semipreparative RP-HPLC. Peaks were collected in glass test
tubes, and the constituents of the peaks were determined as de-
scribed above. The peak containing tricyclon A was lyophilized to
obtain the dry protein extract.
Reduction and Alkylation Reactions
Reduction was performed with a protein concentration of 100 g/
ml in a 0.1 M Tris-HCl buffer (pH 8.0) with the addition of guanidine-
HCl to a concentration of 6 M. A 10-fold molar excess of DDT was
added, and the reaction was incubated for 5 hr at 37°C. Cys resi-
dues were alkylated by the addition of 0.2 M iodoacetamide, 6 M
guanidine-HCl, and 0.5 M Tris-HCl (pH 8.0) to the reduction reaction
to give a 5-fold molar excess of iodoacetamide over total thiols in
the reaction. The reaction was incubated for 12 hr. Light was ex-
cluded to minimize the risk of iodine formation from available io-
dide ions.
NMR Spectroscopy and Structure Calculations
Approximately 2 mg dry tricyclon A was dissolved in 550 l 90%
H2O/10% D2O (99.9%, Cambridge Isotope Laboratories, Woburn,
MA), with 100 l CD3CN (99.8% Cambridge Isotope Laboratories,
Woburn, MA) added to increase solubility; the pH of the sample
was measured as 3.0. Spectra were recorded at 305 and 295 K
on a Bruker DMX-750 NMR spectrometer. All two-dimensional (2D)
spectra were recorded in phase-sensitive mode by using time-pro-
portional phase incrementation for quadrature detection in the t1
dimension (Marion and Wuthrich, 1983). 2D experiments performed
included a DQF-COSY (Rance et al., 1983), a TOCSY (Braunsch-
weiler and Ernst, 1983) with a mixing time of 80 ms, an ECOSY
(Griesinger et al., 1987) in D2O, and a NOESY spectra (Jeener et al.,
1979) with mixing times of 100, 150, and 200 ms. Solvent suppres-
sion for NOESY and TOCSY experiments was achieved by using a
modified WATERGATE sequence (Piotto et al., 1992). For the DQF-
COSY experiment, the water signal was suppressed by lower
power irradiation during the relaxation delay (1.8 s). Spectra were
routinely acquired over 8802 Hz with 4096 complex data points in
F2 and 512 increments in the F1 dimension, with 40 scans per in-
crement (96 for NOESY). A series of one-dimensional (1D) and
TOCSY spectra was run immediately after dissolving the fully pro-
tonated sample in D2O for identification of slowly exchanging am-
ide protons.
Spectra were processed on a Silicon Graphics Indigo worksta-
tion by using XWIN-NMR (Bruker) software. The t1 dimension was
zero filled to 2048 data points, and shifted sinebell window func-
tions were applied prior to Fourier transformation. Chemical shifts
were referenced to DSS at 0.00 ppm. Spectra were analyzed with
the program SPARKY (Goddard and Kneller, 2005). The intensities
of cross-peaks in NOESY spectra with a mixing time of 100 ms
were calibrated, and distance constraints were derived by using
CYANA (Guntert et al., 1997). Corrections for pseudoatoms were
added to distance constraints where needed (Wuthrich et al., 1983).
Backbone dihedral angle restraints were derived from 3JHNHα cou-
pling constants measured from line-shape analysis of antiphase
cross-peak splitting in the DQF-COSY spectrum. Angles were re-
strained to −120° ± 40° for 3JHNHα > 9 Hz . After initial structure
calculations with CYANA, sets of 50 structures were calculated by
using a torsion angle-simulated annealing protocol within CNS
(Brunger et al., 1997). Each set of structures was then subjected to
further molecular dynamics and energy minimization in a water
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700shell (Linge and Nilges, 1999) before further refinement. During re- i
afinement with CNS, positions of slowly exchanging amides were
analyzed, and in 12 cases, hydrogen bonds were unambiguously
assigned and added to the restraints. The force constants used in R
the final rMD/rEM were 50 kcal mol−1Å−1 for distant restraints and R
200 kcal mol−1deg−1 for angle restraints. A
P
Protein Sequencing
The sequence of tricyclon A was determined by using a combina- R
tion of Edman and MS-MS sequencing. For Edman sequencing,
dry reduced/alkylated tricyclon A (1 mg) was resuspended in 50 l B
NH4HCO3 (pH 8.0), and 2 l 1.5 mg/ml trypsin in NH4HCO3 (pH 8.0) L
was added. The sample was incubated at 37°C for 3 hr. Analytical s
RP-HPLC was performed, peaks were collected, and the peak con- 6
stituents were identified by their mass. Automated Edman degra- B
dation yielded a protein sequence of 23 residues. D
For MS-MS sequencing, the fragments resulting from tryptic di- t
gests were sequenced by MS/MS on an API QStar mass spectrom- t
eter (PE Sciex) equipped with a nanospray ionization source (MDS
B
Proteomics A/S, Odense, Denmark). All samples were sprayed in
i
50% acetonitrile, 0.5% formic acid in water. Typically, 2 l was
M
loaded into the nanospray needle. A capillary voltage of 900V was
Bapplied, and the instrument was operated in positive ion mode.
SData were acquired between a mass range of 60–2000. Data were
bcollected, processed, and analyzed by using the Analyst QS Soft-
Bware package (Applied Biosystems/MDS Sciex, 2001).
o
SRNA Extraction, RT-PCR, RACE, and Secondary
BStructure Prediction
fRNA was isolated by using the RNAqueous Kit from Ambion, Inc.
Single-stranded cDNA was prepared from leaf RNA by using the C
OneStep RT-PCR Kit from Qiagen Pty. Ltd. A partial clone was am- l
plified by the PCR by using a degenerate primer coding for the f
sequence CGEWK (5#-TG[CT]GGIGA[AG]TGGA-3#) and oligo-dT C
(Proligo Australia Pty. Ltd., Lismore, NSW, Australia). The resulting z
band was excised from agarose gel and cloned into pCR 2.1-TOPO c
vector by using Invitrogens TOPO Cloning Kit for sequencing. A 5#-
C
RACE library was constructed by using the FirstChoice RLM-RACE
T
Kit from Ambion, Inc. Clones were obtained by screening this li-
Cbrary by using the PCR with gene-specific primers derived from
tthe sequencing of the RT-PCR clone (5#-GCTGCACGAGTGATGA
tCATCTTT-3#) coding for the sequence KDVITRA (Proligo Australia
1Pty. Ltd.) and the kit-supplied 5# primer. The resulting bands were
Cexcised from agarose gel, cloned, and sequenced as described
iabove. The amino acid sequence corresponding to the NTR of the
identified precursor was analyzed for secondary structure by using C
the PHDsec (Rost and Sander, 1993) server at http://www.embl- n
heidelberg.de/predictprotein/submit_def.html. D
C
Hemolytic Assays (
An approximately 500 M solution of tricyclon A in DMSO was seri- t
ally diluted in phosphate-buffered saline (PBS) to give 20 l test D
solutions in a 96-well, U-bottomed microtiter plate (Nunc). Human J
type A red blood cells (RBCs) were washed with PBS and centri- A
fuged at 4000 rpm for 30 s in a microcentrifuge several times until B
a clear supernatant was obtained. A 0.25% suspension of washed
D
RBCs in PBS was added (100 l) to the protein solutions. The plate
s
was incubated at 37°C for 1 hr and centrifuged at 150 × g for 5
s
min. Aliquots of 100 l were transferred to a 96-well, flat-bottomed
1
microtiter plate (Falcon), and the absorbency was measured at 405
Dnm with an automatic Multiskan Ascent plate reader (Labsystems).
cThe level of hemolysis was calculated as the percentage of maxi-
omum lysis (1% Triton X-100 control) after adjusting for minimum
4lysis (PBS control). Synthetic melittin (Sigma) was used for com-
Dparison.
(
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